In modern operating rooms ultraclean air is supplied through the ceiling to prevent bacteria from entering an operating wound and cause infections. Operating lamps can disturb this flow of clean air. In this paper the accuracy of some aspects of the Laminar Flow Index of operating lamps was tested. The disturbance of the airflow was determined for different shapes and sizes of operating lamps in an isothermal situation.
of the lamp influences the degree of protection the ventilation system provides to the surgical site. In order to be able to differentiate between different lamps on this aspect, Leenemann [16] devised the Laminar Flow Index for surgical lighting (LFI): 2 E A P LFI Leenemann   found. Nevertheless, it is still in use today [17] .
Oostlander [18] expanded the original formula by Leenemann and included a dimensionless shape factor F s [-] that has to be determined experimentally. Furthermore, additional factors for the quality of light, being the depth of illumination t [m] and the color rendering index R a [-] . The installed laminar flow system may be influenced by the aerodynamic performance of any particular lamp. Therefore VDI 2167 [13] and DIN 1946-4 [14] require that the operating lamp is installed and in use when performing assessment measurements of the operating room ventilation system. Despite this inclusion, the use of an index is still useful for a hospital when selecting an operating lamp, or for designers when designing a new operating lamp.
Given the limited information on the validity of the LFI-index for the assessment of surgical lighting, in this research the hypothesis was tested whether the infection risk indeed is proportional to the projected surface area A [m   2 ] of the lamp, as suggested by the LFI. This was tested for three different lamp shapes in an isothermal environment.
Following any definition of the LFI, a lamp without heat production would result in a laminar flow index of zero, which means that theoretically the lamp does not disturb the flow at all. Therefore, the risk will be compared directly to the projected surface area of each of the lamps. This results in a relationship between the size of the lamp shapes and whether a shape factor needs to be taken into account. The hypothesis was tested through an experimental and numerical study.
Method
To verify the validity of the LFI-index, the performance of the operating lamps has been evaluated using an alternative method. For this a modified version of the measurement method as described by VDI 2167 [13] has been applied. The influence of different surgical light shapes on the upward transport of particles is investigated, both experimentally and with the use of computer simulations. Variations in size and shape of the operating lamp have been made. The upward transport of particles was investigated for a test room with a laminar downflow plenum. Different lamp shapes were placed underneath the plenum. A fixed smoke source was placed on the floor, and the particle concentration underneath the lamp was examined.
According to Lidwell [2] , in an operating room, the infection risk is proportional to the square root of the number of infected particles in the wound. As the emittance of particles in the experiments is significantly larger than in actual operating rooms, the relative infection risk (RR) increase is applied as performance indicator.
Where C is the particle concentration measured 0.20m centrally below the lamp and C ref is a reference concentration, which is defined as the concentration for a fully mixed situation. The definition of RR deviates from the VDI 2167 [13] that adopts a logarithmic scale of particle concentrations to express the cleanness of the wound area, stating ease of interpretation and not a relationship between Colony forming units (CFU) and infection incidence as the reason to do so. By using the Relative risk scale the lamp shape and the increase in infection risk is coupled directly.
The experimental results have been used to validate CFD calculations. The validated CFD-model has been applied to perform a sensitivity analysis on the size of the three different investigated shapes. A detailed description of the investigated geometry and conditions is given below.
Configuration
The measurements have been performed in a glass chamber with a stainless steel floor of 222m in which a downflow plenum has been built (see Figure 1 ). For the plenum, The chamber represents the space between the plenum and the operating table on a real scale.
Measurements
Velocity and turbulence boundary conditions of the air flow at the supply plenum have been measured at a grid of 25 positions over the plenum. At each position measurements have been at 1Hz over a period of at least 300 seconds using a HT428 hot sphere anemometer with an accuracy of (0.02 m/s +1%). From these measurements an average supply velocity of 0.31m/s was determined, with a standard deviation of 0.01m/s and maximum deviation from this average of 11%. The air change rate for the room was calculated at 162 h -1 . The reason for the high air change rate is that the inlet velocity was chosen to be the same as in a real operating room. The lamp shapes were of a real size and the distance between the lamp and the floor was comparable to the distance between the operating table and a lamp in a real situation. As the measurement room was significantly smaller, the air change rate was larger than in a real operating room. The flow field directly around the lamp however can be assumed representative for a real situation.
Maximum turbulence intensity was measured at 7% at one position near the edge of the plenum. Average turbulence intensity was determined at 2.25%. Based on these results the airflow directly underneath the plenum was considered uniform and laminar. During the measurements of these boundary conditions no operating lamp was present. The supply flow rate was measured continuously during the experiments. To verify the isothermal situation, the supply temperature and the temperature of a representative wall inside the room were measured continuously as well.
Velocity and turbulence measurements have been performed in order to characterize the wake underneath the lamp. Measurements have been made on two cross sections perpendicular to the flow at 0.80 m from the floor, with 0.10 m intervals (see Figure 1 ).
These measurements have been performed for the three different lamp shapes positioned in the test chamber and for the empty situation in which there is no lamp model in the chamber. Each measurement has been performed for at least 5 minutes, with a frequency of 1 Hz applying an omni-directional hot sphere anemometer.
Measurements were taken sequentially using a single hot sphere anemometer.
For the particle measurements a constant smoke source (Palas AGF 2.0 IP) has been used. This smoke source was located centrally in the test chamber at 0.25m from the floor. Care was taken that the release of particles did not disturb the local flow field.
The smoke inlet tube was connected to the bottom of a funnel. The top of the funnel was covered by a piece of course netting. In the middle of this netting a circular dot of duct tape was placed. This configuration takes the impulse out of the flow without filtering particles. The smoke concentration has been determined at 0.20 m (centrally) below the lamp, as well as directly underneath the plenum to determine the particle concentration at the supply. The reference concentration has been measured in a separate experiment where a large fan was introduced in the room to create a fully mixed situation. The particle concentration then was measured at the exhaust.
Smoke visualisations have been performed by positioning a projector outside the glass chamber that projected a sheet of light into the room. A dull black cloth was placed on the back side in the room, in order to improve contrast. Two different types of visualisations have been made for each investigated lamp shape. In both cases the flow field was filmed over time. For the first type of visualisation the chamber first was filled with smoke after which the smoke generator was turned off and the ventilation system turned on. The smoke removal from the chamber then was monitored. In the second type of visualisation the smoke source and the ventilation system were turned on simultaneously. This situation resembles the situation for which the actual particle measurements have been performed. By averaging the individual images in the film, the extent of the clean area has been determined.
Simulations
The Validation of the model follows the steps as defined by Chen and Srebric [20] . This is divided in two separate parts. First, velocity and turbulence measurements have been used to validate the simulated flow pattern. Then, the predicted particle concentrations are compared to the experiments.
Transport of particles in a flow field can be approximated by assuming that particles behave as a gas, indicated as Eulerian approximation. For this a concentration marker equation can be applied. With this approach particle concentrations can be derived directly. As an alternative, trajectories of individual particles can be calculated. This approach is indicated as the Lagrangian approach. The Eulerian approximation does not include the inertial effects of the individual particle and neglects the influence of gravity. The Lagrangian method does not simplify the inertial effects and the gravity force, but is more computationally expensive, because of the large number of particles that need to be tracked to arrive at a particle concentration distribution. A detailed discussion on the particle modelling approach is given in [21] .
In this study both the Lagrangian and the Eulerian approach have been applied to assess their sensitivity towards the grid. In all cases it is assumed that the particles do not influence the flow field. For the Eulerian approach a marker equation was introduced.
The concentration released at the particle source inlet surface was 1, and at the supply it was 0. The wall boundary conditions were for particles to bounce. The simulated particle concentration at the measurement location was logged and averaged over time.
For the Lagrangian approach 150,000 particles were released per second at the surface This was developed with Gambit 2.4.6. For the discretisation the chamber has been separated in three different areas. A denser grid has been defined for the volume around the lamp shape and the volume around the particle source supply. Table 1 Table 1 Based on the simulated velocity field the relative infection risk (RR) is determined. Figure 9 summarizes the measured and simulated results and presents the relative infection risk as function of the project area for the different investigated lamp shapes.
Results
As the projected area of the open lamp shape is significantly smaller than for the other two shapes the variation in projected area is less large.
Discussion
The results show that the experimental setup as applied was able to make a clear distinction between the different lamp shapes. The upward transport mechanism in the wake of the lamp shape varies between the different shapes and sizes. This is reflected in the combined measured and simulated results.
The test setup applied, however, differs in a number of aspects from a real operating room. Most notably, the test chamber is much smaller than a typical operating room.
The exhaust opening was positioned at only one side of the chamber, which causes an eddy to appear on this side of the room. In an operating room, typically exhaust openings are distributed over the perimeter of the room. The measurements and simulations have been performed under isothermal conditions. As a result, the buoyancy effect of the lamps on the flow field has not been taken into account. All lamps were placed horizontally and centrally under the plenum, which is a worst case scenario.
Placing the lamps under an angle can give different results. The method however can be extended to take these aspects into account.
Relative good agreement between measurements and simulations were found for two of This behaviour is expected to be applicable for more realistic situations as well, although the exact relationship with the relative infection risk will differ. This also accounts for different positions of the lamp and the design of the laminar downflow system.
The original definitions of the Laminar flow index (Formula 1 and 2) assume no disturbance when no heat is produced by the lamp. The results presented in this paper clearly show that, even though the situation is completely isothermal, in some cases the airflow can be disturbed considerably by the lamp shape. Therefore, the laminar flow index cannot be considered valid for lamps that produce a negligible amount of heat.
Conclusions
The projected area of a lamp is a good indicator for the infection risk. The relationship between the projected area and the infection risk is close enough that it is a useful indicator in practice.
Lamps up to a certain size will not disturb the flow at all, and therefore the airborne infection risk in these experiments is considered zero. In that case the lamp is small enough and allows dissolving of the turbulent wake downstream of the lamp before it reaches the smoke source. This effect is not included in the original formula for the LFI.
The shape of the lamp seems to have some influence on the relative infection risk, but the simulation results were not accurate enough to differentiate between the shapes.
While the lamps in these experiments did not produce any heat, their size did influence the particle distribution in the room. This is not predicted by either Laminar flow index formula and therefore these formulas are not suited for lamps with a low heat output. 
